Abstract. In order to study the morphology and morphometry and to characterize and quantify the nucleolar organizer regions (NORs) of bovine thyroids containing methylthiouracil (MTU) residues, five animals were orally treated with a suspension of MTU (5 g/animal/day) for 20 days (group A). This treatment protocol was interrupted 5 days before the the animals were slaughtered. Six animals receiving placebos composed group B. A third group (group C) was composed of normal thyroids obtained from a slaughterhouse. All glands were previously assessed for detection of antithyroid residues by chromatography, and only those glands from MTUtreated animals were positive. Follicles of glands from group A showed wide variation in size and shape. There was a predominance of small follicles covered by multiple layers of columnar cells, sometimes forming papillary projections into the lumen, characterizing severe interfollicular and intrafollicular adenomatosis. Many follicles had vacuolated cells with nuclei showing karyolysis or pyknosis and reduced amounts of a low-density and very excavated colloid. They also showed higher follicular epithelia and larger proportions of their structural components when compared with glands of groups B and C. In the thyroids from group A, the argyrophilic nucleolar organizer region-associated proteins (AgNORs) were greater in number, with small ones scattered all over the nucleus. Although the size of AgNORs in thyroids from groups B and C was variable, these AgNORs were fewer and larger than were those in glands from group A. In conclusion, the MTU induces proliferation and regressive changes in follicular cells, and the AgNOR technique is efficient to distinguish different degrees of thyroid hyperplasia.
Under constant conditions, the thyroid maintains its size with a slow cell turnover, and it retains the capacity to grow by cell hypertrophy and proliferation in response to a stimulus. The size and function of the thyroid are controlled by a physiological negativefeedback mechanism. The thyroid cell secretes thyroid hormones that inhibit the secretion of thyrotropin (TSH) by the pituitary. Whenever thyroid hormone secretion decreases, as it does in iodine metabolism defects, in iodine deficiency, or after goitrogenic or antithyroid drug administration, TSH secretion increases, causing an activation of thyroid function and growth. 5 Methylthiouracil (MTU) and other substances derived from thiouracil hinder thyroid peroxidase, blocking iodine oxidation, the attachment of thyroglobulin tyrosyl residues, and iodotyrosine coupling. 19 Thus, deficiency of thyroid hormones induced by these drugs causes an increase in thyrotrophic hormone (TSH) secretion. 16, 19 The TSH has a trophic effect on the thyroid and may produce hyperplasia and hypertrophy of follicular cells, causing an increase in glandular volume. 27 Epithelial height is a good indicator of thyroid activity. 30 An average epithelial height of 15 m was observed in normal human glands, but such information is not available for bovine species. 8 It was reported that bovine hyperplastic glands with colloid goiter showed mean epithelial heights ranging from 9.25 to 10.98 m. 12 Although the follicular epithelium height depends on the functional stage of the gland, when it is at rest, the epithelium is low cuboidal, becoming high cuboidal or columnar when the gland is stimulated. 9 The histologic pattern of the thyroid is very variable in the same gland and is determined by heterogeneity of follicles and follicular cells with regard to responses to stimuli and capacity for cellular proliferation. 5 Several techniques have been used to assess the potential of cellular proliferation. One of them is the morphological evaluation and quantification of argyrophilic nucleolar organizer region-associated proteins (AgNORs) in the cellular nucleus. 24, 25 AgNOR quantification has been used to characterize neoplasias and hyperplasias, 10 since they are markers of ribosomal gene activity and, hence, markers of nu-cleolar activity. 22 Transcription of genes to rRNA involves, besides RNA polymerase I, other proteins that form preribosomal particles, originating the nucleolus. 18 These proteins associated with nucleolar organizer regions have a strong affinity with silver, 29 so they are called AgNORs and are observed under the light microscope as black spots scattered all over the nucleus and the nucleolus. 28 The goal of this study was to study the morphology and morphometry and to characterize and quantify the AgNORs in follicular cell nuclei of bovine thyroids containing methylthiouracil residues.
Materials and Methods

Animals
Initially, an experiment was carried out using 11 crossbred bulls ranging from 3 to 4 years old and with average (Ϯ SD) body weight of 491.32 Ϯ 46.46 kg. These animals were randomly divided into two groups. Five animals were orally treated with 5 g of MTU (Merck, Germany) suspended in 150 ml of distilled water daily for 20 days (group A). The remaining six animals received only 150 ml of distilled water during the same period and constituted group B. All animals were slaughtered five days after finishing the MTU treatment. The animals were confined, receiving water and sorghum silage ad libitum supplemented with 1 kg of concentrate per animal per day. The concentrate was composed of corn (62.4%), soybean meal (28.8%), meat meal (5.0%), soybean oil (2.4%), limestone (0.42%), vitamins (0.40%), minerals (0.46%), and methionine (0.12%). After slaughtering, thyroids from all animals were collected. A third group (group C) was obtained from a slaughterhouse, from six crossbred 4-year-old bulls with an average body weight of 490 kg. The right lobes from all thyroid glands were submitted to chromatography, whereas the left lobes were processed for microscopic examination.
Chromatography
The right thyroid lobes were stored at Ϫ20 C for highprecision thin-layer chromatography (HPTLC). The whole right lobes were homogenized by manual grinding, and then aliquots of 2 g were taken from each lobe to search for residues of thiouracil (TU), tapazole (TAP), MTU, and propylthiouracil (PTU). Eight 2-g aliquots from a previously analyzed residue-free sample were used as standard after the addition of 100 or 200 l of a solution (4 g/ml) containing each of the anti-thyroid drugs to be assessed (TU, TAP, MTU, and PTU).
After extraction with methanol, the fat fraction was removed by mixing the extract with ether and then centrifuging. The ether layer was discarded, and the organic phase was dried in a water bath at 45 C under a stream of nitrogen (N 2 ). The residues obtained by this procedure were diluted in a solution of chloroform : methanol (99 : 1) and percolated through a column of Sep Pak silica (Sep Pak cartridge, classic, c18, 5, or 6 cc, Waters). The residues were eluted with a solution of ethyl : methanol (85 : 15) and dried in a water bath at 45 C for 1 hour in darkness under a stream of N 2 .
After buffering, the derivatization was carried out with 7-chloro-4-nitrobenzo-2-oxa-1,3-diazole (NBD-CI). The antithyroid-NBD complexes were extracted in acid media using diethyl ether. The ether fraction was dried in a water bath at 45 C under a stream of N 2 . The residues were diluted in 100 l of diethyl ether and spotted on plates of HPTLC. A mixture of chloroform and ethanol (95 : 5) was used as solvent. Before revelation, the plates were examined for detection of fluorescent spots. Then, the plates were sprayed with a solution of alkaline cysteine for conversion of nonfluorescent anti-thyroid-NBD complexes into strongly fluorescent cysteine-NBD complexes.
Identification of anti-thyroid drugs was carried out by comparing the Rf test and the reference substances. The positive samples were confirmed by two-dimensional chromatography. 3, 13 
Histological procedures
The left thyroid lobes were fixed in buffered formalin and histologically processed. Paraffin embedding technique and hematoxilin and eosin, periodic acid-Schiff (PAS), and Masson's trichromic staining were used. 11 Stained sections were examined under light microscope for morphological and morphometric analysis. The degrees of interfollicular and intrafollicular adenomatosis and the combination of intra-and interfollicular adenomatosis in the same gland were assessed by morphological analysis. Interfollicular adenomatosis refers to an increase of solid groups of interfollicular epithelial cells and microfollicles and small follicles. Intrafollicular adenomatosis consists of an increase in the number of epithelial cells in the follicles, forming papillary projections into the lumen. When the follicular lumen is almost entirely filled with epithelial cell accumulations, the term ''papillomatous solidification'' is used. 15 Interfollicular adenomatoses were classified as mild, moderate, or severe based on the number and distribution of small follicles and/or on the presence of clusters of follicular cells without lumens. Mild interfollicular adenomatoses were characterized by a few small follicles covered by cuboidal epithelium, but most of the follicles were medium sized and large. Moderate changes were characterized by large areas of the section being occupied by small follicles and clusters of follicular cells, but there were many follicles with medium and large diameters as well. Severe interfollicular adenomatosis was defined as the condition where by the section was composed almost exclusively of small follicles and clusters of follicular cells, and there were just a few medium and large follicles.
Intrafollicular adenomatoses were classified as mild, moderate, or severe based on morphological features of the covering follicular epithelium according to the following criteria. In mild intrafollicular adenomatosis, there were medium and large follicles covered by a single layer of cuboidal epithelium forming a few papillary projections into the lumen. In these follicles, there was a large amount of colloid. Moderate intrafollicular adenomatosis was characterized by medium and large follicles partially covered by more than one layer of columnar epithelial cells forming projections into the lumen. There was a decrease in the amount of colloid in these follicles. However, in these moderate lesions, there were many follicles covered by a single-layer epithelium. Severe intrafollicular adenomatosis was characterized by predominance of follicles completely covered by a columnar stratified epithelium forming large papillary projections into the lumen, which occasionally divided the the follicle in the middle or even completely obliterated the lumen, giving an appearance of adenomatous solidification. There was a decrease in the amount of colloid in these follicles.
Morphometry
Although some investigators have used many sections from a single lobe for morphometric analysis, it was verified that only one section from the middle of the lobe is sufficient for morphometry for rats. 4 In order to determine whether only one section from the middle part of the bovine thyroid lobe is representative of the lobe as a whole, 10 serial sections from the left lobes of three glands (one from each group) were compared. The larger and smaller follicular diameter and the height of epithelium in four different points of 30 follicles were measured in each section. The proportion of structural components (follicular epithelium, stroma, and colloid) was obtained by using an ocular containing a grid with 25 points (Zeiss KPL 10ϫ), which was superimposed across 40 randomly selected microscopic fields. There was no statistically significant difference between sections from different regions of the thyroid lobe (data not shown). Thus, only one section from the middle part of each lobe was submitted to morphometric analysis in the present study.
Mean follicular diameter, mean follicular epithelium height, and proportions of glandular structural components were determined by morphometry in all thyroids from the three groups. By means of random measurement, larger and smaller diameters of 50 follicles and epithelium heights in four different points of each follicle were measured. These measurement were taken with an ocular micrometer with 100ϫ magnification for follicular diameter and 1,000ϫ magnification for epithelium height. After obtaining a conversion factor for micrometers, by using a micrometric glass slide, this factor was applied to the average follicular diameter and epithelium height.
The proportion of structural components was obtained with an ocular containing a grid with 25 points (Zeiss KPL 10ϫ) and 400ϫ magnification. This grid was superimposed across 40 randomly selected microscopic fields. The number of times that a point reached a structural component was used to calculate the proportion of each component. Follicular epithelium, stroma, and colloid were considered structural components.
AgNOR staining
In order to determine the degree of cellular proliferation, the technique of quantification and characterization of AgNORs was used. Sections from the middle part of the left lobe were deparaffinized in xylene (three changes for 5 minutes each) and hydrated by washing in decreasing concentrations of ethanol. Then, they were incubated with a mixture of a solution of 1% formic acid plus 2% gelatin with an aqueous solution of 50% silver nitrate (1 : 2, v/v). The incubation was performed in a humidified chamber at 37 C for 45 minutes in darkness. After that, the sections were washed in deionized water and dehydrated, and the slides were mounted with coverslips. 1, 18 The AgNORs, observed under the light microscope as black spots scattered throughout the nucleus, were counted under the light microscope with 1,000ϫ magnification on 100 randomly selected nuclei per gland. Other morphologic features such as size and distribution of AgNORs were also evaluated.
Statistical analysis
The completely randomized design was employed. Means and standard deviations were calculated for each variable within each group. The numeric variables analyzed were the following: epithelium height; larger and smaller follicular diameters; proportions of follicular epithelium, stroma, and colloid; and number of AgNORs. Data referring to proportion of glandular structural components were submitted to angular transformation. Quantitative data were submitted to analysis of variance, and the means were compared by the Student-Newman-Keuls (SNK) test. 2 The coefficient of correlation between each studied variable was also determined.
Results
Histopathology
All thyroids from groups A and B showed interfollicular adenomatosis concomitant with intrafollicular adenomatosis. However, while interfollicular adenomatosis was predominantly severe in both groups A and B, in group A, 80% of thyroids showed severe intrafollicular adenomatosis, contrasting with those of group B, in which mild intrafollicular adenomatosis predominated (Figs. 1, 2 ). All thyroids from group C were histologically normal. They were characterized by nearly rounded follicles of variable sizes covered by a single layer of a flattened or low-cuboidal epithelium (Fig. 3) . In groups A and B, none of the thyroids were considered histologically normal. The interfollicular adenomatosis was characterized by small follicles and agglomeration of large number of follicular cells. The intrafollicular adenomatosis in the thyroids from group B was characterized by few deformed follicles with one-layer epithelium forming papillary projections into the follicular lumen. However, the thyroids from group A showed multiple-layer epithelium forming large papillary projections into the lumen, sometimes dividing the follicle in the middle (Fig. 4) or even completely obliterating the lumen, giving the parenchyma an aspect of adenomatous solidification.
In the thyroids from group B, a high cuboidal epithelium predominates, but glands uniformly composed of small, medium, and large follicles covered by cells of different heights were also observed. The small follicles were covered with high-or low-cuboidal epithelial cells with a vacuolated pale eosinophilic cytoplasm and a rounded or oval central nucleus, and the follicles were filled with a low-density and very excavated colloid. The epithelial coverage of medium and large follicles was composed of low-cuboidal or, in some cases, flattened epithelium. In addition, not all of the cells in a given follicle had the same characteristic, becoming evident low-cuboidal cells interposed between highcuboidal epithelial cells, and a neighbor follicle of the same size covered with cells of different heights (Fig.  5) .
In contrast, glands from group A showed follicles homogeneously covered by multiple-layer columnar cells disregarding the follicular diameter. In only one of the positive glands, the follicles were covered by a high cuboidal epithelium occasionally interposed by columnar cells. In all of the glands from group A, although epithelial cells had too many mitotic nuclei, others showed a vacuolated pale cytoplasm with a nucleus showing karyolysis and pyknosis (Fig. 6) . Some follicular cells showed PAS-positive corpuscles in their cytoplasm, and most of the follicles showed small amounts of low-density and very excavated colloid or even some follicles without colloid. All thyroids from group A had thicker stroma with more blood vessels when compared with those of groups B and C.
In group A, the AgNORs were greater in number, with variable sizes and with small ones scattered all over the nucleus (Fig. 7) . In thyroids from groups B and C, although the sizes of AgNORs were variable, there were fewer and bigger AgNORs than there were in glands from group A (Fig. 8) .
Chromatography
Chemical analysis of thyroids from groups B and C was negative for all of the anti-thyroid drugs tested (TU, TAP, MTU, and PTU). The thyroids from the animals in group A, which were treated with MTU, were positive for these drugs. These positive glands showed a more intense fluorescence on HPTLC than the standard, with 400 g/liter. This result reaffirms that although this technique has a detection limit of 200 g/liter, it is efficient in detecting residues of MTU, particularly in thyroid that retains the drug. 13 According to the results obtained by HPTLC, the thyroids of group A were classified as positive (containing MTU), and the thyroids from groups B and C were classified as negative (free of residues).
Analytical summary
The results of statistical analysis are summarized in Table 1 . Thyroids from group A showed significantly higher epithelium than those of groups B and C (P Ͻ 0.05). These results reassert that MTU induces hypertrophy and hyperplasia of follicular cells. This process could be confirmed by the number of AgNORs in the nuclei of follicular cells in the thyroids from group A, which is greater and significantly different from the numbers in the groups B and C (P Ͻ 0.05). However, the thyroids from group B had a higher follicular epithelium and more AgNORs than did the thyroids from group C (P Յ 0.05).
Stroma and epithelium proportions showed significant difference between the groups ( Table 1 ). The glands from group A had greater proportions of stroma and epithelium than did those of groups B and C. The proportion of colloid in the thyroids from group A was significantly decreased, despite the fact that follicular diameter did not show any significant difference between groups (P Ͼ 0.05) ( Table 1) .
The follicular diameter did not show any significant correlation with the epithelium height. A highly significant negative correlation between the proportion of colloid and the proportion of stroma and epithelium was observed. On the other hand, there was a highly significant positive correlation between the epithelium height and the number of AgNORs and the proportions of epithelium and stroma (P Յ 0.01).
Discussion
In a previous study in which MTU was administered for 1 month in a dose (10 mg/kg body weight) similar to that used in the present study, the histological changes were classified into four stages. 7 In the present study, all glands from group A could be assigned to the third and fourth stages, characterized by follicles covered by more than one layer of follicular cells with the lumen reduced to a fissure. None of the thyroids from group B showed histological changes compatible with these stages, and this fact agrees with results previously reported. 20 As none of the thyroids from group B were considered histologically normal, it could be suggested that the animals from this group were also submitted to one or many factors that change the synthesis or release of thyroid hormones, causing morphological glandular changes to adapt to the increased need for hormone production. Probably, the food containing sorghum, corn, and soybean used in this experiment, considered goitrogenic, 6 was the cause of hyperplasia and hypertrophy of follicular cells, but at a low intensity when compared with thyroids from group A, which were under a strong proliferative stimulus. The finding of cells with different heights in a given follicle or in follicles with similar diameters indicates heterogeneity among follicles and follicular cells regarding response to stimuli and capacity for proliferation. The presence of such heterogeneous cellular populations could be induced by autocrine factors produced by follicular cells such as epidermal growth factor (EGF), insulin-like growth factor (IGF-1), fibroblast growth factor (FGF), and others. 5 Some PAS-positive bodies were observed in the follicular cell cytoplasm of glands from group A, suggestive of thyroglobulin droplets. These droplets are caught by pseudopodia in the apical margins of follicular cells under TSH stimulus. In the cytoplasm, these droplets coalesce with lysosomes containing peptidases and proteases, which degrade the thyroglobulin to release T3, T4, and a small amount of iodotyrosine. 21, 23 Many follicular cells of glands from group A showed degenerative and necrotic changes that were also observed by another author who did not consider them degenerative changes. 7 However, the presence of nuclei showing karyolysis and pyknosis is a consequence of glandular overstimulation. This overstimulation supplants the proliferation capacity of follicular cells, which can divide up to four to six times, undergoing necrosis or apoptosis when submitted to a chronic or excessive stimulus. 5 Our findings indicate that MTU induces proliferative and regressive changes on follicular cells and these changes persist for at least 5 days after interrupted MTU administration. This period was not long enough to allow reversion of those glandular changes. These results are similar to those reported by other authors. 7, 31 Thus, bovine thyroids from animals illegally treated with MTU to increase weight can show histological changes even a few days after the treatment is interrupted. Therefore, chromatography and morphologic analysis of thyroids have been successfully used in many countries to detect the use of these drugs, even when the administration was interrupted some days before slaughter. 7, 16, 19 As there was no statistically significant difference in the follicular diameters between groups (Table 1) , it can be concluded that follicular diameter is not a reliable parameter for evaluation of the intensity of glandular activity. Nevertheless, the amount of colloid should be considered, since the more intense the glandular activity (represented by epithelial height) is, the lower the proportion of colloid will be. This was well illustrated by the positive correlation between epithelial and stroma proportions and a negative correlation between these two variables and the proportion of colloid (P Ͻ 0.01). Considering that the stroma supports the parenchyma, a hyperplastic or hypertrophic gland exhibits changes in the proportion of stroma, which is variable depending upon the type of goiter. In other words, when the follicular cells undergo hyperplasia and hypertrophy, the proportions of epithelium and stroma increase and the proportion of colloid decreases, in agreement with an earlier study. 30 There was no significant correlation between epithelial height and follicular diameter, which means that epithelial height is not determined by follicular size; on the contrary, it is determined by cellular activity, which results from TSH stimulus. However, morphological analysis indicated that most of the small follicles are covered by high epithelium and very excavated colloid, while large follicles are covered by flattened cells and do not have so much excavated colloid. Thus, it could be suspected that the synthesis and se-cretion of thyroid hormones are more intense and faster in small follicles, since small follicles have fast iodine turnover. 26 Many authors have not observed differences in the numbers of AgNORs in benign neoplastic and hyperplastic cells. 10, 14 However, in this study, a statistically significant difference was detected between the number of AgNORs in the nuclei of follicular cells in the thyroids from group A and those in glands from groups B and C ( Table 1 ). The thyroids from group A showed small AgNORs scattered throughout the nucleus. Such features have been observed in poorly differentiated neoplastic cells and could be related to nucleolar dissociation due to active cellular proliferation. 28 The thyroids from group B showed more AgNORs than did those from group C. Quantitative evaluation of AgNORs allowed us to clearly distinguish the degree of thyroid hyperplasia. The number of AgNORs is dependent on the level of transcription and on the stage of the cell cycle. An increase in this number may be a result of cellular proliferation with nucleolar dissociation and dispersion of AgNORs throughout the nucleus, an increase in cellular DNA content, and an increase in transcription. Some studies have shown that the number of AgNORs is higher in malignant neoplastic cells than in benign neoplastic cells or normal cells. 28, 29 In conclusion, MTU induces proliferation and regressive changes in follicular cells, and the AgNOR technique is efficient in distinguishing different degrees of thyroid hyperplasia.
